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Site-dlrected mutagenesis of the structural gene for azurm from Pseudomonas erugmosa has been used to prepare azurms m which ammo acid 
residues m two separate lectron-transfer sites have been changed HIS-35-Lys and Glu-91-Gln at one site and Phe-1 l4-Ala at the other The charge- 
transfer band and the EPR spectrum are the same as in the wdd-type protem m the first two mutants, whereas m the Phe-ll4-Ala azurm, the 
optical band 1s shifted downwards by 7 nm and the copper hyperfine sphttmg IS decreased by 4 lO’/cm This protein also shows an increase of 
20-40 mV m the reduction potential compared to the other azurms The potentials of all four azurms decrease with mcreasmg pH m phosphate 
but not m zwlttenomc buffers with high lomc strength The rate constant for electron exchange with cytochrome css, 1s unchanged compared to 
the wild-type protem m the Phe-1 l4-Ala azunn, but IS increased m the other two mutant protems The results suggest hat Glu-91 IS not important 
for the mteractlon with cytochrome cssl and that Ha-35 plays no critical role m the electron transfer to the copper site 
Azunn, Cytocbrome cssI, Electron transfer, EPR spectra, Reductton potential 
1. INTRODUCTION 
Azurin IS a bacterial electron-transfer protem con- 
taming a single blue or type I Cu(I1) ion [I]. It is 
thought to mediate electron transfer between cyto- 
chrome ~551 and cytochrome oxidase/mtrite reductase. 
Two separate electron-transfer sites have been lden- 
tlfled [2,3]. One involves the surface residue Glu-91 and 
the nearby His-35 resrdue, and It IS believed to par- 
ticipate m the reaction with ~ytochrome ~51. The sec- 
ond site is a hydrophobic patch located close to the 
ligand residue His-l 17, and this site IS considered to be 
important m the self-exchange reaction [4,5]. 
In this communication we report the production of 
three mutant azurms in which amino acid residues in the 
two electron-transfer sues have been changed: 
His-3%Lys, Glu-91-Gln and Phe-114~Ala. The proteins 
have been characterized by optmal and EPR spectra, 
and the reduction potential has been determmed at pH 
7.0 and 6.0. In addition, the kinetms of the electron- 
transfer reactlon with cytochrome c5y1 has been studied. 
The results show that the blue sne remams unperturbed 
except in the Phe-114-Ala mutant, which displays a 
decrease m the copper hyperfine splitting and a shght 
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increase in reduction potential. The second-order rate 
constant for the reaction with cytochrome es51 is in- 
creased in the two proteins which have replacements in 
the proposed eiectron-transfer pathway. 
2. MATERIALS AND METHODS 
2 1 Ste-drrected mutagenesrs and preparattlon of azurms 
The mutants were constructed with the use of the ‘Ohgonucleotlde- 
directed m vitro mutagenesis system’ (Amersh~) 
The bacterial strams, plasmlds, DNA techmques and protem 
puriftcation have been described m [6], except that the cells were 
grown m a 10 liter TB medium culture m a fermentor (Chemap- 
Fermentor, 20 I, series 3000) The culture was induced when the ab- 
sorbance at 550 nm was approx 4 0 by the addition of IPTG to a fmal 
concentration of 0 3 mM, and the cells were harvested 4 h after m- 
ductlon Wet cells, 265 g, were obtained from the culture, from which 
1 g azurm was purlfled [6] After the gel filtration step, the protem 
was transferred to a iO0 mM potassmm phosphate buffer, pH 7 0 
2 2 Uptrcal and EPR spectra 
OptIcal and EPR spectra were recorded as m [7] The molar absorp- 
tlon coefficients at the wavelength of maxlmum absorption were 
estimated on the basis of the Cu(I1) concentrations determined by m- 
tegration of the EPR signals 
2 3 Reduction potentzal 
The reduction potentials were determined as m 171, but at 25°C and 
with the redox mediators KsFe(CN)o, l,~benz~u~none, iV,N-&- 
methyl-~phenylenedlamlne sulfate and 2,6-dichIorophenol-indo- 
phenol (sodmm salt) The buffers used were 100 mM phosphate, pH 
6 0 and pH 7 0, or 10 mM Mes, pH 6 0, and 10 mM Hepes, pH 7 0, 
both containing 330 mM K2S04 The fully oxidized protein was 
reduced stepwlse by Na&04 The reduction potentials E’ were 
estimated from Nernst plots as described m [8], with an inaccuracy of 
+5 mV 
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Table 1 Table 2 
Optical character1sttcs and second-order ate constant (krr) for 
electron transfer from cytochrome cssr for wild-type and mutant 
Reductron potentials (E’) of wild-type and mutant azurlns under 
different condmons 
azurins 
Protem 
Wild-type 
HIS-35Lys 
Glu-91-Gln 
Phe-114-Ala 
Absorption krz 
maximum 
(nm) (106/M per s) 
628 6 
628 9 
628 10 
621 6 
Protem 
Weld-type 
His-35-Lys 
Glu-91-Gln 
Phe- 114-Ala 
E” (mv) 
Mes Hepes Phosphate Phosphate 
pH 6 0 pH 7 0 pH 6 0 pH 7 0 
341 341 338 311 
336 330 334 306 
332 328 324 306 
360 357 359 350 
2 4 Electron transfer 
The electron transfer rate between reduced cytochrome cssr (1 PM) 
and oxtdtzed azur1n (5-4OpM) was measued at 25°C m a Durrum 
stopped-flow apparatus [9] Pseudo first-order rate constants were 
obtained by fittmg recorded data to exponenttal functrons usmg 
standard Marquardt least-square mmlmrzatron The second-order 
rate constants were calculated from the linear dependence of the ftrst- 
order rate constants on the azurm concentratron, g1vmg an Inaccuracy 
of + 10% 
was considerably slower in picking up Cu(I1) than the 
other proteins [6]. 
The reduction potentials of the four azurms under 
different conditrons are summarized in table 2. Since 
the measurements in phosphate buffers gave different 
potentials at pH 7.0 and 6.0, determinations were also 
made in zwittertonic buffers with a constant ionic 
strength. 
3. RESULTS 
Optical characteristics of the wild-type and mutant 
azurins are compared in table 1. The molar absorption 
coefficients at the absorption maxrmum of the four 
proteins were identical within the experimental uncer- 
tainty. Table 1 also lists the second-order ate constants 
(kiz) for the electron-transfer eaction between the dif- 
ferent azurins and reduced cytochrome ~551. The EPR 
spectra of the azurins were all identical except for the 
Phe-114-Ala mutant, as illustrated in fig. 1. This mutant 
4. DISCUSSION 
The spectral characteristics of the Glu-91-Gln mutant 
are not changed compared to the wild-type protein 
(table 1, fig. 1). This is not surprising, because Glu-91 is 
on the protein surface about 10 A from the copper site. 
In contrast, His-35 lies with its imidazole ring close to 
hgand residue His-46 and has been suggested to control 
the redox properties of the protein [l]. However, the 
spectroscopic properties are unchanged when His-35 is 
replaced with lysine, and protonation of His-35 (by 
lowering the pH at high ionic strength in a zwitterionic 
buffer) or its replacement with lysine changes the reduc- 
tion potential very little, if any. Thus, the role of this 
conserved residue remains uncertain. 
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Magnetic flux denslty (T) 
Fig.1 EPR spectra of weld-type (A,A’) and Phe-114-Ala (B,B’) 
azurm For all azurms the g, and g,, were 2.05 and 2.26, respecttvely, 
and A,, was 56 10e4/cm for all except for Phe-114-Ala for whrch rt 
was 52 10e4/cm Condmons mrcrowave frequency, 9 379 GHz, 
power, 20 mW; modulatron amphtude, 2 0 mT; temperature, 77 K 
Phe-114 is proximal to ligand residue His-l 17, and m 
the Phe-114~Ala mutant the copper site is definitely per- 
turbed with a shift in the charge-transfer band to 
shorter wavelength by 7 nm (table 1) and a decrease m 
the copper hyperfine sphttmg by 4. 10e4/cm (fig.1). In 
addition, the reduction potential of this mutant is m- 
creased by 20-40 mV depending on the conditions used 
(table 2). 
We have previously described [7] a mutant 
Met-121-Leu, in which the reduction potential is in- 
creased even more compared to wild-type azurin than in 
Phe-1lCAla. In the Met-121 case, the charge-transfer 
band is shifted towards a longer wavelength, however, 
showing that there is no obvious correlation between 
the position of this band and the reduction potential as 
discussed in [lo]. Generally, however, spectroscopic 
changes are small, particularly m the position of the 
main charge-transfer band and g-values, suggesting 
very minor changes in the bonding. Only All shows a 
substantial relative change, possibly because of varia- 
207 
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tions in the Fermi contact term, but the data set is still 
too small to allow theorisatlon about these effects. 
The potentials measured in phosphate buffers are 
higher at pH 6.0 than at pH 7.0 (table 2). This is ap- 
parently not primarily due to a pH effect, since the dif- 
ference disappears in zwitterionic buffers at high ionic 
strength. The reduction potential of the Phe-11CAla 
azurin is, however, still the highest among the four pro- 
teins .
The two mutant azurins which display a significant 
increase in k1z (table l), both involve changes in amino 
acid residues which are presumed to be important for 
electron transfer from cytochrome ~551 [3,11]. Thus, 
our experiments upport this identification. The follow- 
ing equation holds for a bimolecular electron exchange 
reaction: 
k1z=K ket (1) 
where K 1s the formation constant for the precursor 
complex between acceptor and donor and kt the first- 
order rate constant for the electron transfer within this 
complex. An increase 1n k12 must consequently be caus- 
ed by an increase in either K or ket (or both). Since the 
driving force 1s the same as in the wild-type azurin, one 
might expect that it 1s K that has increased. It is, how- 
ever, possible that it is instead kt which has increased 
because of an increase in electronic coupling. In any 
case, it must be concluded that the negative charge of 
Glu-91 is not important for the formation of the precur- 
sor complex with cytochrome ~551. 
It has been suggested that the 7r electron system of 
His-35 plays an important role in the electronic coup- 
ling between the electron donor and the copper site [ 111. 
The fact that k1z is actually increased in the His-35-Lys 
azurin shows, however, that this residue cannot be 
critical for a high value of ket. 
In the Phe-114-Ala azunn, the driving force for elec- 
tron transfer is increased compared to the wild-type 
protein. One might consequently expect an increase in 
ket, but klz IS actually unchanged. Calculations show 
that the increase would be too small to be detected if the 
reorganization energy associated with the electron 
transfer is in the order of 0.5 eV. 
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